Introduction
============

Decompressive craniectomy (DC) is one of the widely utilized imperative methods in the treatment of refractory intracranial hypertension. The benefits of DC, in the aspect of decreasing intracranial pressure (ICP), are well-documented in several studies.[@B1][@B3][@B4][@B5][@B8][@B22] Furthermore, DC is known to improve cerebral compliance, cerebral oxygen supply, and cerebral perfusion pressure (CPP).[@B4][@B12][@B15][@B27][@B29] With respect to operative technique, DC is a simple procedure. Nevertheless, there are numerous reported complications such as postoperative herniation through the cranial defect, subdural fluid collection, postoperative intracranial bleeding,[@B1] postoperative infection, \"syndrome of the trephined,\" and hydrocephalus.[@B3][@B8][@B11][@B15][@B19][@B24][@B27][@B29]

In addition to the etiology that leads to having DC, a cranial defect alone may cause neurologic symptoms referred to as the \"syndrome of the trephined\" or \"sinking skin flap syndrome.\" It is known to occur due to changes in the hydrodynamics of cerebrospinal fluid (CSF) in association with a postoperative cranial defect.[@B3][@B8][@B27][@B29] The \"syndrome of the trephined\" and hydrocephalus are the most frequent complications that develop after DC.[@B3] It has been reported that the incidence rates of post-traumatic hydrocephalus, secondary to a head trauma, are in the range of 0.7% to 86%.[@B6][@B11] It is known that the incidence rate of hydrocephalus, which may develop following DC, is about 10% to 40%.[@B1][@B14][@B28] The etiology of the hydrocephalus following DC may be not only post-traumatic but also original disease related hydrocephalus, such as post spontaneous subarachnoidal hemorrhagic hydrocephalus. In cases with hydrocephalus secondary to large craniectomy, they may require cranioplasty with a ventriculoperitoneal (VP) or a subdural-peritoneal (S-P) shunt. Patients would have a higher risk of complications by undergoing two procedures simultaneously than by undergoing each procedure in staged operations.[@B18] However, patients undergoing staged operations also are imposed with considerable complications, such as having more chances of undergoing general anesthesia and surgical procedure, higher cost of surgery, longer hospital stay, and adverse reactions of antibiotic prophylaxis. In this study, these authors report an improved one-stage operation with minimization of complications associated with the aforementioned complications of one-stage or staged operations.

Materials and Methods
=====================

From May 2006 through December 2012, 91 patients underwent DC, due to refractory intracranial hypertension after they had suffered a traumatic brain injury or a vascular lesion, in our hospital. Furthermore, cranioplasty and CSF shunting operation were carried out for those patients that developed hydrocephalus. Of these 91 patients who underwent cranioplasty after DC, 23 received both cranioplasty and CSF shunt operation, and were reviewed, but 4 cases with an S-P shunt were excluded. The medical records of these 19 subjects were retrospectively investigated. These 19 patients were divided into two groups: the group of 10 patients who underwent staged-operations (Group A), and the group of 9 patients who underwent one-stage operation (Group B). Their complications in each group were retrospectively reviewed. From April 2013 through December 2014, another 5 patients underwent a one-staged operation with temporary occlusion of the distal shunt catheter to improve on the technique, and therefore were categorized as Group C. The complications in each group were compared and analyzed. This study also examined the following parameters: 1) age and sex, 2) size and laterality of cranial defects, and 3) clinical condition after surgery (Glasgow Outcome Scale). In this study, the hydrocephalus criteria were established as follows: 1) Evan\'s index \>0.3, 2) bicaudate ratio \>0.25 (means significant ventriculomegaly), 3) enlargement of the temporal horn or the third ventricle, 4) presence of periventricular low density, 5) clinical features, and 6) responses to preoperative continuous lumbar drainage (\>150 mL/day). All patients underwent early cranioplasty (5 to 8 weeks after DC), while an autologous bone flap, which was kept at -80℃ in the bone bank, was utilized as the material for cranioplasty. After cranioplasty, using the ipsilateral Kocher\'s point or Keen\'s point (in case of bilateral cranioplasty, we used the right side), a VP shunt was performed. Only a programmable shunt valve type (Codman-Medos programmable VP shunt, Medos SA, Le Loche, Switzerland) was used in VP shunt implantation.[@B6] Prior to surgery, owing to the possibility of temporary occlusion with the device affecting the mechanical structure of the shunt catheter wall, an experiment was carried out to find out whether any structural change of the shunt catheter wall could occur after occlusion. Complete occlusion was verified by infusing 10 mL of normal saline in a syringe into each of the following: 1) a case of occlusion with a Yasargil aneurysm clip (Aesculap Inc., South San Francisco, CA, USA), 2) a case of occlusion with a bulldog clamp (Lawton, Fridingen, Germany), and 3) a case of occlusion by making a direct tie of the shunt catheter with a black silk 4-0 suture material. Complete occlusion was verified in the above 2 cases, where saline passage was not observed even though strong positive pressure was applied with a syringe. Nevertheless, slight saline passage was evident when occlusion was carried out with an aneurysm clip. Then, the distal end of the clip blades was reinforced with a black silk tie, increasing the ending force, which resulted in complete occlusion ([Figure 1](#F1){ref-type="fig"}). The distal shunt catheter was occluded by using 1) an aneurysm clip, 2) a bulldog clamp, and 3) by making a direct tie using a black silk 4-0 suture material. The slides of thin sections of the region, which had been occluded for 7 days in each case, were observed under an optical microscope (×100) and a surgical microscope (×13). These were compared with that of the normal shunt catheter for which nothing had been done. There was no difference between the wall structure of the above 3 shunt catheters and that of a normal shunt catheter ([Figure 2](#F2){ref-type="fig"}). However, cutting the direct tie with a sharp knife could damage the wall integrity of the shunt catheter if the clip would be tied directly to the shunt catheter by a black silk suture material. Thus, a direct tie with a black silk suture material was not carried out in actual surgery. Three patients in Group C used a Yasargil aneurysm clip (Aesculap Inc., South San Francisco, CA, USA), which was used to occlude the distal aspect of the shunt catheter in the anterior chest area, and had their distal end of the clip tied to a black silk suture material to reinforce the ending force to occlude the catheter. Two patients in the same group used a bulldog clamp (Lawton, Fridingen, Germany) to occlude the shunt catheter. These attempts of temporary occlusion lasted for 5 to 7 days. During the cranioplasty, a subdural type ICP monitoring catheter (Camino, Integra LifeSciences, Plainsboro, NJ, USA) was placed below the edge of bone margin to monitor the ICP during the period of temporary occlusion. The initial pressure of the programmable shunt valve was set at 200 mm H~2~O and the ICP was allowed to drop gradually as these patients were followed up by brain computed tomography (CT).

Results
=======

There were 11 males and 13 females while the mean age of these subjects was 53.1 years old with a range of 22 to 74 years. The etiologies of DC and CSF disorder included traumatic brain injury (13 cases), complicated clinical outcome after spontaneous subarachnoid hemorrhage secondary to cerebral aneurysmal rupture (9), malignant brain swelling following cerebral infarction (1), and spontaneous intracerebral hemorrhage (1). A unilateral cranial defect was observed in 20 patients, while a bilateral cranial defect was seen in 4 patients ([Table 1](#T1){ref-type="table"}). The mean sizes of cranial defect were 12.1×8.9 cm^2^ in Group A, 11.6×9.1 cm^2^ in Group B and 11.2×8.9 cm^2^ in Group C, respectively. There was no statistical difference in cranial defect size among groups. The preoperative hydrocephalus indices were as follows: 1) the mean Evan\'s index was 0.35 in Group A, 0.38 in Group B, and 0.34 in Group C; and 2) the bicaudate ratio was 0.32 in Group A, 0.35 in Group B, and 0.29 in Group C. The frequency of complications related to anesthesia (40%) and that of complications related to prophylactic antibiotics (30%) were high in Group A. The assumption is that high frequencies of development of these complications are due to more numbers of induction of general endotracheal anesthesia and operations as having staged operations. Patients in Group B had a higher frequency of perioperative complications (33%), such as intracranial hematomas and layed complications (45%), as opposed to those in other groups. Patients in Group C did not have significant complications in comparison with those of the other two groups have. Moreover, there was no significant difference in the incidences of postoperative infection among three groups ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}).

Discussion
==========

The effectiveness of DC as a treatment approach to refractory intracranial hypertension, a consequence of failed medical treatment of traumatic brain injury or an intracranial vascular lesion, has been reported by several studies.[@B1][@B12][@B14][@B25][@B26][@B27][@B29] Bor-Seng-Shu et al.[@B4] reported their review article related to the contribution of DC in reducing ICP and increasing CPP among patients with refractory intracranial hypertension. They suggested that DC seems to be an effective treatment for reducing ICP and increasing CPP. Yamakami and Yamaura[@B27] also reported a result of similar effects of DC with respect to increasing CPP. On the other hand, it was also reported that DC could exacerbate it by increasing focal cerebral blood flow, which might cause brain swelling.[@B4][@B10][@B23][@B27] In addition, other post-DC complications may include: 1) perioperative complications such as expansion of contusion, new subdural and epidural hematomas contralateral to the decompressed hemisphere, and external cerebral herniation; and 2) delayed complications, such as subdural hygroma or wound infection.[@B23] In the aspect of general brain protection and cosmesis, except for special cased, cranioplasty is the procedure indicated for almost all cases following DC.[@B15] More recent reports have suggested that the rationale behind the performance of cranioplasty is not just a cosmetic matter but also therapeutic, through which cranioplasty helps to optimize neurological recovery.[@B2][@B3][@B9][@B10][@B15][@B21][@B22][@B26] Fodstad et al.[@B9] asserted in their report of 40 cases of cranioplasty that hydrodynamic changes of CSF before and after cranioplasty, including resting pressure, sagittal sinus pressure, buffer volume, elastance at resting pressure and pulse variations at resting pressure, are closely related to improvement of their symptoms after cranioplasty. Regardless, there have been quite a few literary considerations on various complications arising from post-DC cranioplasty.[@B10][@B13][@B15][@B30] Gooch et al.[@B10] analyzed the complications of cranioplasty following DC in their study of 62 cases of cranioplasty. They summarized postoperative wound infection, intracranial hematoma, bone resorption, sunken bone plate, intraoperative hemodynamic instability, deep vein thrombosis, etc. as complications that might develop after cranioplasty. The optimal time for cranioplasty after DC has not been determined yet. Previously, it is generally accepted that cranioplasty is carried out in 3 months after DC, but the procedures is performed 6 months after DC in cases of intracranial infection.[@B20] Recently, however, there are reports that early cranioplasty of 5 to 8 weeks after DC can further facilitate neurologic recovery and also lead to less postoperative complications.[@B15][@B20] It is known that the frequency of hydrocephalus occurring in patients with large craniectomy is about 10 to 40%.[@B1][@B14][@B28] Pachatouridis et al.[@B18] suggested that development of hydrocephalus after DC has been attributed to focal destructive lesions or ischemic insults, that lead to neuronal loss and severe atrophy of brain parenchyma, adhesive arachnoiditis of the basal cisterns, blood blocking and dysfunction of the arachnoid granulations, and gradient between the atmospheric pressure and ICP, which leads to inward displacement of the scalp and decrease of CSF flow over the convexity. In patients with a cranial defect and a CSF-circulation disorder, both cranioplasty and VP shunt operation may be necessary. It is known that performing two operations simultaneously has a higher risk of complications than performing them one at a time in staged operations.[@B13][@B18] Pachatouridis et al.[@B18] also report that cranioplasty and ventriculostomy followed by a second stage placement of a VP shunt are associated with fewer complications in the treatment of hydrocephalus after DC. Oh et al.[@B17] asserted in their report that the outcome of shunt operation after cranioplasty tends to be better than cranioplasty after shunt operation for patients with a large cranial defect and hydrocephalus. In patients with a severely depressed scalp flap after DC and VP shunt, there is a potential risk of developing an intracranial hematoma as a complication in performing cranioplasty. Liao and Kao[@B16] tried to eliminate the dead space between the skull plate and the dura, and lessen the risk of complications related to intracranial hematoma that occurred secondary to cranioplasty. They suggested a method to minimize the dead space by inducing an expansion of the depressed brain. This was achieved by creating a temporary occlusion with an aneurysm clip in the distal catheter of the previously inserted VP shunt before they undertook cranioplasty. On the other hand, some authors reported that hydrocephalus in combination with a cranial defect can be generally treated with one-stage operations.[@B7][@B30] Carvi and Höllerhage[@B7] reported that cranioplasty combined with implementation of a shunt system allowed ICP changes to adjust dynamically after the procedures. The combined procedure reduced the number of required surgical procedures and complications. This study reviewed cases of one-stage operation of cranioplasty and shunt implantation, and cases of staged operation where each procedure was performed one at a time. Their complications were retrospectively examined and attempts were made to reduce complications that could develop in each. Complications of staged operation were associated with the number of general anesthesia and operation. Thus, both procedures were combined into a one-stage simultaneous operation to reduce these numbers. The complications, such as intracranial hematoma and subdural hygroma, which develop often in a one-stage operation, were prevented by blocking the CSF drainage (temporary occlusion of the distal shunt catheter). This would avert the sunken down effect of the brain. With respect to complications, such as intracranial hematoma or subdural hygroma that develops often in a one-stage operation, the assumption was that the risk of complications of one-stage operation could be reduced by preventing the sunken down effect of the brain through blocking CSF drainage, and thus inducing adhesion between the dura mater and cranium after cranioplasty. In an attempt to prevent neuronal damage secondary to hydrocephalus that might develop in this period, an ICP monitor-ing catheter was inserted during surgery. The plan was to aspirate CSF from the reservoir bag of the VP shunt system as needed, but there was no increased ICP to the extent of requiring aspiration in this study. The occlusion device could easily be removed by a simple procedure at bedside, and there was no particular effect on the wall structure of the shunt catheter as shown in observations. The shunt valve pressure was initially set at 200 mm Hg, and was gradually decreased as patients were followed up with brain CT. The results were satisfactory and no other complication was observed, except for a mild wound infection that was pharmacologically treated.

Despite these many positives, some limitations to our conclusions exist. One variable that could affect the nature of our results would be the selection bias such as surgeon related complications and indications in application of a Yasargil clip or a Bulldog clamp. Our study was not designed to clarify such limitations. Furthermore, the number of patients in Group C was too small to be a statistical analysis. So the results of this study was not enough to generalize. Therefore, future studies should be performed with a large number in Group C to validate these results. Prospective studies are further planned to confirm the effects of these procedures in patients with large cranial defects and CSFcirculation disorder. Further long-term follow-up studies with a large number of patients are necessary.

Conclusion
==========

There are risks of complications in both one-stage operation and staged operations of cranioplasty and VP shunt procedure, performed for patients with a large cranial defect and hydrocephalus. These complications of the above two operative methods can be reduced by utilizing the technique of a \"one-stage operation with temporary occlusion of the distal shunt catheter with an aneurysm clip or a micro bull dog clamp, together with slowly lowering the pressure of the programmable shunt valve.\" Our preliminary results indicate that our modified one staged operation technique can be an effective alternative method to overcome the disadvantage of one-stage operation of cranioplasty and the VP shunt system.
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![Photographs of occluded distal shunt catheter by using different occlusion devices. A: By making a direct tie of the shunt catheter with a black silk 4-0 suture material. B: By applying a Yasargil aneurysm clip. Note that the distal end of the clip blades is reinforced with a black silk tie to increase the ending force. C: With a bulldog clamp.](kjn-11-93-g001){#F1}

![The slides of thin sections of the region, which have been occluded for 7 days, are observed under an optical microscope (×100) (A) and a surgical microscope (×13) (B). Note that there is no difference between the wall structure of the 3 differently occluded shunt catheters and that of a normal shunt catheter. N: none occluded, C: clipped, B: bulldog clamped, T: tied.](kjn-11-93-g002){#F2}

###### Clinical information of 24 patients enrolled in the study

![](kjn-11-93-i001)

BD: bulldog, CL: clip, F: female, M: male, ICH: intracerebral hemorrhage, TBI: traumatic brain injury

###### Mean data of each group

![](kjn-11-93-i002)

EDH: epidural hemorrhage, GOS: Glasgow Outcome Scale, ICH: intracerebral hemorrhage, IVH: intraventricular hemorrhage, PMC: Pseudomembranous colitis, SDH: subdual hemorrhage, SDh: subdural hygroma

###### Complications associated with operations

![](kjn-11-93-i003)

BD: bulldog, CL: clip, EDH: epidural hemorrhage, ICH: intracerebral hemorrhage, IVH: intraventricular hemorrhage, PMC: Pseudomembranous colitis, SDH: subdual hemorrhage, SDh: subdural hygroma
